Repeated Electromagnetic Induction Surveys for Determining Subsurface Hydrologic Dynamics in an Agricultural Landscape
Soil & Water Management & Conservation G eophysical tools are gaining greater acceptance as a way of obtaining spatially distributed subsurface data that can be correlated with soil and hydrologic properties. Electromagnetic induction is commonly used to noninvasively and conveniently measure the ECa (e.g., Johnson et al., 2001; Sudduth et al., 2001) , which can be correlated with soil properties such as clay content, mineralogy, soil moisture, depth to the water table, and salinity (Rhoades et al., 1976; McBride et al., 1990; Auerswald et al., 2001; Corwin and Lesch, 2005; Robinson et al., 2009) . Th e working principle of EMI has been described by McNeill (1980) and Lesch (2003, 2005) . Depth-weighted soil ECa measurements obtained from various EMI meters have been widely used to map diff erent soil and hydrologic properties. For example, James et al. (2003) used EMI to map soil texture distribution as a function of soil moisture and then determine the boundaries of soil types with varying soil textures. Sherlock and McDonnell (2003) used EMI to explain Repeated electromagnetic induction (EMI) surveys have merits of revealing temporal changes in heterogeneous soilscapes such as subsurface hydrologic dynamics. We conducted eight repeated EMI surveys from 1997 to 2009 over a 19.5-ha agricultural fi eld that revealed soil and water patterns. Th e fi rst two surveys were done in 1997 and 2006 and compared diff erent EMI meters (EM38, EM31, and Dualem-2), dipole orientations, and geometries. Another six surveys were conducted in diff erent seasons in 2008 to 2009 using the EM38 operated in vertical dipole orientation. Soil apparent electrical conductivity (ECa) collected during the wetter periods (>10-mm antecedent precipitation during the previous 7 d) showed greater spatial variability (greater sills and shorter spatial correlation lengths), indicating the infl uence of soil water distribution on soil ECa. During a relatively short time period, most soil properties controlling ECa (e.g., texture, organic matter, and depth to bedrock) remain unchanged. Th us, repeated EMI surveys can capture the dynamics of soil moisture change and related subsurface fl ow paths in the landscape. Signifi cantly (p < 0.05) higher ECa was detected in areas close to simulated subsurface fl ow paths, especially during the wetter periods; however, such fl ow paths could not be pinpointed directly from the ECa maps because of the limitation in ECa spatial resolution. In wetter areas, signifi cant correlation between the relative diff erence in ECa and that in measured soil moisture was observed (r 2 = 0.59-0.77), but not in drier areas. During drier periods or at drier locations, the infl uences of soil moisture and fl ow path on ECa were masked by terrain and other soil properties. Th us, the optimal use of EMI for detecting subsurface hydrologic dynamics would be during wet periods or in wet areas across the landscape in this study.
Abbreviations: API7, antecedent precipitation index during the previous seven days; DEM, digital elevation model; ECa, apparent soil electrical conductivity; EM31H, EM31 meter operated in horizontal dipole orientation; EM31V, EM31 meter operated in vertical dipole orientation; EM38V, EM38 meter operated in vertical dipole orientation; EMHCP, Dualem-2 meter operated in horizontal co-planar geometry; EMI, electromagnetic induction; EMPRP, Dualem-2 meter operated in perpendicular geometry.
the spatial variation in groundwater levels. Robinson et al. (2009) used EMI to identify zones of water depletion and accumulation.
Because factors aff ecting ECa readings are complex and often interrelated, accurate interpretations have been a challenge. For example, confl icting results from using EMI to interpret soil moisture and water table variations have been reported. Sherlock and McDonnell (2003) conducted grid surveys over a 50-by 50-m plot seven times using the EM38 and EM31 meters (Geonics Ltd., Mississauga, ON, Canada) to predict the water table depth; however, the coeffi cients of prediction (r 2 ) varied (0.45-0.86) at diff erent times and with diff erent meters. Reedy and Scanlon (2003) used the EM38 meter to survey a 34-by 17-m plot 35 times together with volumetric soil moisture monitoring and were able to develop a simple linear regression to predict the average soil moisture content in the profi le from ECa values; however, Sudduth et al. (2003) used the same meter in four larger fi elds (>13 ha) with a measurement density of 10 by 10 m, but found no signifi cant correlation between soil moisture and ECa.
Some previous EMI studies were conducted repeatedly to improve the interpretations of relatively stable soil properties and more dynamic hydrologic processes. Hanson and Kaita (1997) repeatedly measured ECa using an EM38 meter following irrigation events and found substantial changes in ECa as the soil moisture content varied (r 2 = 0.76-0.95). Eigenberg et al. (2002) conducted 11 EM38 surveys that documented signifi cant seasonal changes in ECa in response to fertilizer, rainfall, and crop types. Farahani and Buchleiter (2004) conducted repeated Veris 3100 (Veris Technologies, Salina, KS) surveys in three fi elds and used temporally stable ECa patterns to delineate soil management zones. Similarities and diff erences among repeated EMI surveys and the question of how to incorporate the resulting ECa patterns into the mapping of soils and hydrologic properties suggest a need for further improvements. Brevik et al. (2006) noted that although repeated EMI mapping with time should yield useful spatial information, a better understanding of temporal variations in soil ECa is still needed to fully utilize the potential of soil ECa mapping. Most studies in the past with repeated EMI surveys were done in small areas (e.g., ≤50 by 50 m) and within a short time window (e.g., 2-3 mo). Within such small areas, soil properties (e.g., depth to bedrock and texture) may be relatively homogeneous. Th us the eff ects of these soil properties on the soil ECa could be overlooked. In comparison, key factors that control soil ECa may become more variable and complex in a large landscape with more heterogeneous soil properties and landscape features. Using a longer time window (e.g., 1 or 2 yr), seasonal variations in dynamic soil moisture and their impacts on soil ECa may be better captured through monthly to seasonal repeated EMI surveys, but such longer time and larger area repeated EMI surveys have not been fully investigated.
Repeated EMI surveys conducted at the same time but with diff erent meters, dipole geometries, or orientations can also improve ECa data interpretations. A number of EMI meters are available on the market. Th ese meters operate at diff erent frequencies, coil spacings, dipole orientations, and geometries, and thus provide diff erent measurement depths (Table 1) . In agriculture, one of the most widely used EMI is the EM38 meter. Examples of applying this meter include monitoring soil moisture (Reedy and Scanlon, 2003) and determining water content and soil type boundaries ( James et al., 2003) . Th e Dualem-2 (Dualem Inc., Milton, ON, Canada) and EM31 meter are also widely used in agriculture. Example applications include using the EM31 to predict clay content (Brus et al., 1992) or soil depth (Bork et al., 1998) , using the Dualem-2 to locate areas of soil contamination (Lee et al., 2006) , and using the Dualem-21S for depth-to-clay mapping (Saey et al., 2009) . Although the uses of diff erent meters are well documented in the literature, limited studies have systematically examined and compared their suitability for identifying diff erent soil and hydrologic properties across a large landscape and >1-yr time window.
Th e objective of this study was to investigate how repeated EMI surveys across a large (19.5-ha) agricultural landscape and a time window spanning multiple years can capture spatial and temporal patterns of subsurface hydrologic dynamics (including soil moisture distribution and subsurface lateral fl ow paths). By doing so, we hope to develop a cost-eff ective means of mapping soil hydrology and hidden subsurface fl ow paths.
MATERIALS AND METHODS

Study Area and Its Soils
Th is study was conducted in a 19.5-ha agricultural landscape located at the Kepler Farm of the Pennsylvania State University in central Pennsylvania (Fig. 1) . Crops grown on this farm are corn (Zea mays L.), soybean [Glycine max (L.) Merr.], and winter wheat (Triticum aestivum L.), with rotational planting. Within this landscape, the elevation changes from 373 to 396 m, and depth to bedrock ranges from <0.25 m on ridgetops to >3 m on footslopes. Th e second-order soil map of the area identifi es fi ve major soil series-the Hagerstown, Opequon, Murrill, Nolin, and Melvin series (Fig. 1) . Th e well-drained, deep (1.0-1.5 m) and very deep (>1.5 m) Hagerstown (a fi ne, mixed, semiactive, mesic Typic Hapludalf ), and shallow (<0. 
Repeated Electromagnetic Induction Surveys
Georeferenced EMI surveys were conducted across the study area at various times using diff erent meters, dipole orientations, and geometries. Th e fi rst survey was conducted in January 1997 and subsequent surveys were made between 2006 and 2009 ( Table 2 ). In January 1997, two meters were used: the EM38 operated in vertical dipole orientation (EM38V) and the EM31 operated in vertical (EM31V) and horizontal (EM31H) dipole orientations. Th ese pedestrian surveys, which were completed in the station-to-station mode using a 30-m grid interval, resulted in only 243 measurements in each survey. All subsequent surveys were completed on a mobile platform (meters mounted on a sled and towed behind an all-terrain vehicle) with meters operated in the continuous mode. Th e second survey was completed in March 2006 with a Dualem-2 meter operated in both perpendicular geometry (EMPRP) and horizontal co-planar geometry (EMHCP). Th e measurement density of this survey was approximately 3 by 8 m, resulting in >5400 readings. Th e remaining six surveys were completed from January 2008 to April 2009. Th ese surveys were designed to more intensively capture the temporal variation of soil ECa at diff erent times of the year. Th e EM38 meter in vertical dipole orientation (EM38V) was used in all these six surveys. Th ese surveys were conducted in the same manner, including the traverse paths, with a measurement density of approximately 3 by 8 m, yielding a total reading of >5400 each time. Further technical details on the meters used in this study are summarized in Table 1 . A calibration site was established at the ridgetop across an area with exposed bedrock. Th is site was selected because of its strong electrically resistive nature and very low ECa value. Before each EMI survey, the EM38 and EM31 meters were properly calibrated (in-phase zeroed) at this calibration site. Th e calibrations of the EM38 and EM31 meters followed the procedures described by Geonics Limited (1998) and McNeill (1980) . Th e EM38 meter was calibrated 1.5 m above the ground. According to Taylor (2000) , calibration of the Dualem-2 is not needed. If noticeable changes were observed during the survey, we recalibrated the meter at the same calibration site. We also returned to the calibration site to check for drift aft er each survey, but no signifi cant drift was observed. Due to the very low and consistent ECa value at the calibration site, the diff erent EM38 surveys calibrated at this fi xed site were comparable.
Changes in soil temperature infl uence ECa readings. McNeill (1992) noted that ECa will increase about 2% for every 1°C increase in soil temperature. Th erefore, it is advisable to do a temperature correction for all ECa measurements, especially when sites are revisited at diff erent times of the year. All ECa measurements in this study were corrected to a standard temperature of 25°C using the formula derived by Sheets and Hendrickx (1995) . Th e air and soil temperatures at diff erent depths at the time of each survey were measured at a nearby weather station and are provided in Table 2 . We followed the suggestion of Robinson et al. (2004) when conducting the EMI surveys, in which suffi cient warm-up time of the instrument was provided to reduce EMI instrument temperature drift . Some of our EMI surveys were conducted during low air temperature (Table 2) ; however, the actual soil temperatures at diff erent depths monitored during the same time period showed that even when the air temperature dropped below 0°C, the soil temperature below 4 cm remained above freezing (Table 2) .
Th e sensitivity of an EMI instrument to soil depth is dependent on soil electrical conductivity and its variation along a soil profi le (McNeill, 1980) . Th erefore, the eff ective measurement depth of the same EM38 meter may vary at diff erent times and locations. According to Callegary et al. (2007) , higher surface soil electrical conductivity than the subsurface can reduce the measurement depth of an EMI instrument. In our study area, however, the surface soil is generally drier and coarser (Zhu and Lin, 2009 ) and thus has lower electrical conductivity than the wetter and more clayey deeper soils. Th is suggests that the measurement depth of each EMI instrument was comparatively stable in our repeated surveys.
Soil Moisture and Other Data Collections
Access tubes of polyvinyl chloride (PVC) have been installed at 145 locations in the study area for monitoring soil moisture (Fig. 1) . We followed the procedures outlined by Lin et al. (2006) to install these access tubes. Th ese tubes allow a portable TRIME-FM Tube Probe (IMKO, Ettlingen, Germany) to be inserted at various depths to measure volumetric soil moisture content. Th is probe uses time domain refl ectometry (TDR) technology and has been calibrated to the PVC tubes used. Th e volumetric soil moisture content was measured at six depth intervals each time: 0 to 0.2, 0.1 to 0.3, 0.3 to 0.5, 0.5 to 0.7, 0.7 to 0.9, and 0.9 to 1.1 m (note that the TRIME-FM TDR probe has a length of 0.18 m). Th e measurements taken at 0 to 0.2, 0.3 to 0.5, and 0.7 to 0.9 m were used in this study to represent the surface, near surface, and subsurface soil moisture contents. In 2008, a reduced number of sites (91 out of 145) were monitored. Th is reduction was caused by the diffi culty of locating some access tubes during the growing season with high standing crops in the fi eld as well as damage to some of the access tubes during previous planting or harvesting operations. Because of shallow bedrock in some locations, the actual numbers of subsoil moisture observations were 77 and 66 for the 0.3-to 0.5-and 0.7-to 0.9-m depth intervals, respectively. Soil moisture contents were collected 11 times between January and July in 2008. Th ree of these soil moisture measurement events coincided with an EMI survey (on 10 Mar., 30 Apr., and 4 June 2008).
Th e depth to bedrock in the study area was fi eld checked at 77 locations where soil cores were extracted or water wells were installed in the study area (Fig. 1) . A 3-m-resolution surface digital elevation model (DEM) was developed from 2-m contours interpreted from aerial photos. Slope and profi le curvature for the area were derived from this DEM. All spatial data were processed using ArcGIS 9.1 (ESRI, Redlands, CA). Precipitation and temperature data (Table 2) were obtained from a nearby (<0.8 km) weather station. Most of our EMI surveys were conducted during the spring and winter when there were no crops in the fi eld. Evapotranspiration was low and thus precipitation that occurred in previous days could still affect soil moisture. Th erefore, the antecedent precipitation index during the previous 7 d (API7) was used as an indicator of soil wetness for each EMI survey. Th e antecedent precipitation index has been widely used in hydrologic studies to estimate soil wetness, although diff erent time periods have been used. For example, Frot and van Wesemael (2009) used antecedent precipitation during the previous 2 and 20 d, while Fuhrmann et al. (2008) used antecedent precipitation during the previous 4 and 7 d.
Data Analysis
Omnidirectional variograms were used to analyze the spatial structure of the soil ECa collected from each EMI survey using GEO-EAS (Englund and Sparks, 1991) . A higher sill or shorter correlation length suggests greater variations in soil ECa. Nugget is the height of the jump of the variogram at the origin (lag 0) and represents variability at distances smaller than the sample spacing, including measurement error.
Soil ECa readings collected in each EMI survey were interpolated using ordinary kriging in ArcGIS 9.1 to generate an ECa map for the entire study area (Fig. 2) . In the normality testing, the ECa readings of all the EMI surveys were normally distributed. According to Kravchenko (2003) , soil properties with a large sample size (e.g., >200 points in a 20-ha fi eld) or moderate to strong spatial structure (i.e., nugget/sill ratio < 0.6) can be accurately interpolated by ordinary kriging. In our case, we had >243 (1997) or >5400 (2006-2009) readings across a 19.5-ha area and the nugget/sill ratios were <0.6 in all cases. Th erefore, ordinary kriging was used in this study to interpolate all ECa readings.
Th e relative diff erence in soil ECa showed the temporal stability of soil ECa (Vachaud et al., 1985) . Th e relative diff erence in soil ECa was calculated based on the interpolated maps of the EM38V surveys (Fig.  2) , where soil ECa values at the 145 monitoring locations were extracted from the corresponding kriged maps. Th e cell size of our maps of the relative diff erences in soil ECa was consistent with the resolution of the DEM (3 by 3 m). Th e relative diff erence, δ i , in the ECa of the ith cell is calculated as
where ECa ij is the soil ECa at the ith cell on the jth day, ECa j is the arithmetic mean of all soil ECa values on the jth day, N is the number of cells on the interpolated ECa maps, and M is the total number of EM38V surveys used in the calculation. Positive or negative values of δ i suggest that the ith location has an ECa value higher (in the case of positive δ i ) or lower (in the case of negative δ i ) than the average for the entire study area.
Following the same procedure, temporal stability analysis was also conducted for the measured soil moisture contents collected at the depth intervals of 0 to 0.2, 0.3 to 0.5, and 0.7 to 0.9 m, as well as the total water storage (S) within the measured 1.1-m solum, which was calculated as
where z is the thickness of each depth interval (0.2 m in this study), SM j is the volumetric soil moisture content at the jth depth interval, and m is the number of depth intervals measured within the 1.1-m solum. Th e soil moisture content at depth intervals of 0 to 0.2, 0.1 to 0.3, 0.3 to 0.5, 0.5 to 0.7, 0.7 to 0.9, and 0.9 to 1.1 m were used to calculate the total water storage. Th e soil ECa values and soil moisture contents at the 145 monitoring locations were statistically analyzed using the t-test and multiple linear regression with SAS (SAS Institute, Cary, NC). Th e statistical signifi cance level was set at p < 0.05.
RESULTS AND DISCUSSION
Spatial Pattern of Soil Apparent Electrical Conductivity Distribution in Repeated Electromagnetic Induction Surveys
Th e magnitude of soil ECa across the 19.5-ha landscape changed with time, and no two EMI maps were exactly the same (Fig. 2) . However, the relative diff erences among various areas within the same landscape, aft er ECa values were standardized relative to their overall means in each survey (Fig. 3 ), appear to be relatively similar and temporally stable among the repeated EMI surveys. Th e only exception was the masking eff ects of localized fertilizer application on 30 Apr. 2008 (Fig. 3h) ; however, wholefi eld fertilizer application, such as that done on 4 June 2008 (Fig.  3i) , did not change the overall pattern of the relative diff erences among various areas within the whole landscape. In terms of the relative ECa maps collected in 1997 (Fig. 3a-3c ), their overall patterns were dictated by the coarser resolution of the data collected (i.e., 243 points interpolated in a 30-m grid), thus showing some diff erences from the other relative ECa maps (with >5400 points interpolated in 3-m grid). Brevik et al. (2006) also showed the relative magnitudes of ECa in diff erent soils to be consistent in repeated EMI surveys. Mueller et al. (2003) reported similar spatial patterns of soil ECa among four sampling dates.
Low ECa was consistently measured along ridgetop areas associated with the Opequon soils ( Fig. 2 and 3) , where the elevation was the highest (>385 m) and the soil depth was the shallowest (<0.2-0.5 m) (Fig. 1) . In contrast, high ECa was consistently measured in the northeastern corner of the study area and associated with the poorly drained Melvin soils ( Fig. 2 and 3) , where the elevation was the lowest (373 m) (Fig. 1 ) and the water table was observed at or near the surface during winter and spring. Th e area close to the study area's southern border generally displayed relatively higher ECa in nearly all the EMI surveys ( Fig. 2 and  3) . Th is area is located along the south-facing hillslope of a major east-west-trending ridge, has comparatively lower elevations (375-380 m), and consists of the very deep, medium-textured Murrill soil or deep to very deep, fi ne-textured Hagerstown soil. Similar overall spatial patterns can also be observed in graphs showing the relative diff erence in ECa through the temporal stability analysis of the EM38V surveys conducted in 2008 (Fig. 4) . A positive relative diff erence in soil ECa was observed in the northeastern corner and in the area close to the southern border, indicating that soil ECa in these areas was higher than the overall average of the entire study area. Th e most negative relative diff erence was found along the ridgetop, which indicated that the soil ECa there was lower than the whole study area's overall average.
Fig. 2. Interpolated maps of soil apparent electrical conductivity (ECa) values obtained from repeated electromagnetic induction (EMI) surveys from 1997 to 2009 in the study area using an (a and f-j) EM38 meter in vertical dipole orientation (EM38V), an EM31 meter in (b) horizontal (EM31H) and (c) vertical (EM31V) dipole orientations, and a Dualem-2 meter in (d) horizontal co-planar (EMHCP) and (e) perpendicular (EMPRP)
geometries. On each map, the boundaries of the fi ve soil series from the second-order soil map are superimposed. The legend applies to all maps.
Among all the EM38V surveys, those conducted on 16 Jan., 30 Apr., and 4 June 2008 had the highest overall average ECa (22.4, 20.9, and 19.1 mS m −1 , respectively) (Fig. 2) , while those collected on 24 Jan. 1997 and 12 Nov. 2008 had the lowest averages (7.4 and 13.4 mS m −1 , respectively) (Fig. 2) . Th e higher ECa on 16 Jan. 2008 (Fig. 2f ) can be attributed to higher surface soil water content that resulted from snowmelt (Hauck et al., 2004) . Applications of fertilizer (potash) were associated with the elevated ECa for one fi eld on 30 Apr. 2008 (Fig. 2h and 3h) and the entire study area on 4 June 2008 (Fig. 2i) . Eigenberg et al. (2002 Eigenberg et al. ( , 2006 reported the impact of fertilizer on elevating the electrical conductivity of soil water and thus soil ECa readings. Th e higher ECa on 30 Apr. 2008 was also attributed, in part, to the large (65 mm) API7, while the lower ECa on 24 Jan. 1997 and 12 Nov. 2008 corresponded to small API7 (<3 mm) and thus drier soil conditions (Table 2) .
For all the EM38V surveys, greater sills (>15) were associated with wetter conditions where larger API7 (>10 mm) occurred before the EMI surveys, while smaller sills (<10) were associated with drier periods when smaller API7 (<3 mm) occurred (Table  2) . Th e coeffi cients of variation of ECa in the EM38V surveys conducted during the wetter periods (16 Jan., 10 Mar., and 30 Apr. 2008 and 23 Apr. 2009) were 26 to 38%, while those conducted during the drier periods (4 June and 12 Nov. 2008) were 16 to 20%. Th ese observations indicated that the spatial variability of the soil ECa was greater in the wetter periods than in the drier periods. Th e greater spatial variability of soil ECa during the wetter periods can be at least partially attributed to the lateral redistribution of soil water aft er suffi cient precipitation. Previous studies have reported a positive relationship between soil moisture and ECa (e.g., Kachanoski and de Jong, 1988; Sheets and Hendrickx, 1995) . Western et al. (1998) also documented that during wetter periods, the soil moisture spatial distribution is more strongly controlled by topography, which infl uences lateral water redistribution, elevates soil moisture variability, and thus creates higher sills of soil moisture than during drier periods. In contrast, when the soils are dry, moisture is more randomly distributed; hence, the sill of the ECa is lower. Although greater sills of ECa were observed in the wetter periods, the wetness condition was not the only infl uence on the sills and thus the spatial variability of ECa. For example, the greatest sill (24.7) of the EM38V was observed on 30 Apr. 2008, which was not associated with the largest API7 (Table 2) . For this survey, fertilizer applied in only part of the study area, as shown in Fig. 2h and 3h , elevated the ECa and increased the overall ECa spatial variability across the entire study area.
Shorter spatial correlation lengths (<40 m) were also observed in the EM38V surveys completed aft er >10-mm API7, while longer correlation lengths (>60 m) existed in the EMI surveys completed aft er smaller API7 values (Table 2) . Th is can be attributed to more variable soil water distributions and lateral movement of water aft er major precipitation events. In contrast, during periods with less precipitation, the distribution of soil moisture is largely controlled by diff erences in relatively stable soil properties (e.g., soil depth, texture, and organic matter content); therefore the spatial correlation length of soil ECa is more localized and thus longer. During wetter periods, lateral redistribution of water leads to a higher connectivity of fl ow paths within drainage lines. As a consequence, the lateral redistribution of water is more connected, leading to shorter spatial correlation lengths of soil moisture and ECa.
For the EMI surveys conducted at the same time with the same operating frequency but diff erent measurement depths (e.g., EM31V vs. EM31H with the EM31 meter on 24 Jan. 1997 and EMHCP vs. EMPRP with the Dualem-2 meter on 22 Mar. 2006) (Tables 1 and 2 ), the deeper measurement depths (EM31V and EMHCP) resulted in slightly higher ECa (overall averages were 9.1 and 10.8 mS m −1 for the EM31V and EMHCP, respectively, compared with 7.4 and 5.3 mS m −1 for the EM31H and EMPRP, respectively) (Fig. 2b-2e) . Th is depth relationship is a manifestation of the higher variability and contents of clay and moisture with increasing depth in the deep and very deep soils in the study area. For the same meter operated in diff erent dipole orientations or geometries, the deeper measurement depth yielded a higher spatial variability (higher sill in Table 2 ), and thus refl ected greater variability in subsoil properties (e.g., depth to bedrock that varied from <0.25 to >3 m and seasonal high water table that fl uctuated from <0.5 to >3 m). Th erefore, the sill of the EM31V (5.0) was greater than that of the EM31H (2.3), and the sill of the EMHCP (4.3) was greater than that of the EMPRP (2.9) ( Table 2) .
Corwin and Lesch (2003) and Callegary et al. (2007) reported that the electrical conductivity of surface and near-surface soil horizons contributes more to the EMI response than that of deeper soil layers. Taylor (2005) noted that surface (0-0.3-m) soil materials contributed ?50 and <20% to the fi nal ECa readings when measurements were obtained in the shallower sensing EMPRP and the deeper sensing EMHCP, respectively. Th e properties of the Ap horizon (e.g., soil moisture, clay, and organic matter) are comparatively homogenous in our study area. Th is resulted in less varied ECa in the shallower sensing EMPRP survey, and thus relatively small sills compared with those in the deeper sensing EMHCP survey. Th ese relationships suggest that, for capturing surface soil properties, the shallower sensing EMPRP would be more eff ective, whereas for capturing the subsurface soil properties, the deeper sensing EMHCP would yield better results. On the other hand, the shallower sensing EMI meters would be more sensitive to the roughness of the surface (Taylor, 2005) , and thus caution should be taken when using them in areas with rough surface with a mobile platform.
Soil Water Dynamics Revealed by Repeated Electromagnetic Induction Surveys
Soil ECa is aff ected by both stable and dynamic soil properties. Many soil properties (e.g., clay content, depth to bedrock, and organic matter content) are temporally stable within relatively short time periods (e.g., within several months to a year or so). Th erefore, in humid areas, temporal variations in the soil ECa typically refl ect the dynamics of soil moisture and related water movement (e.g., Sherlock and McDonnell, 2003; Reedy and Scanlon, 2003) . In the case of human alternations, the variation in soil ECa could also refl ect impacts from land use and land management (e.g., fertilizer application).
Zhu and Lin (2009) simulated subsurface lateral fl ow paths at the soil-bedrock interface for the study area (Fig. 4) and found soil ECa to be higher and temporally unstable in areas close to the simulated fl ow paths. In this study, we further investigated the spatial variation of ECa collected in diff erent EMI surveys and their relations to the simulated fl ow paths. Th e temporal stability of soil ECa in the EM38V surveys during a wetter period (16 Jan. and 10 Mar. 2008 ), a drier period (4 June and 12 Nov. 2008) , and throughout the year in 2008 was examined in relation to the simulated subsurface lateral fl ow paths (Fig. 4) . Visually, the relative diff erence in soil ECa appears spatially more contrasting during the wetter period (Fig. 4a) than the drier period (Fig. 4b) . Signifi cant diff erences (p< 0.05) in the relative diff erence in soil ECa were observed in the areas 0 to 5, 5 to 10, 10 to 15, and >15 m away from the simulated fl ow paths during the wetter period (Fig.  4a) but not during the drier period (Fig. 4b) , while the whole-year situation fell in between (Fig. 4c) .
Although the statistical analysis suggested that locations close to the simulated fl ow paths had increasingly higher soil ECa, this pattern was not completely clear from the kriged maps of soil ECa. Th e subsurface fl ow paths could not be pinpointed from the interpolated ECa maps (Fig. 4) , probably because of the limited spatial resolution (3 by 8 m used in data collection and a 3-m grid used in spatial interpolation). In some areas with high relative diff erences in soil ECa, however, a denser network of simulated fl ow paths was observed (Fig. 4) . Similarly, Abdu et al. (2008) observed a decline in the average soil ECa with increasing distance away from surface fl ow paths simulated from a 10-m DEM, but their fl ow path patterns also did not visually match with their soil ECa maps. Besides the spatial resolution issue, complex interactions among multiple spatially varying soil properties and landscape features that infl uence soil ECa readings, such as terrain attributes, depth to bedrock, soil texture, and management practices, could have also reduced the clearness in pinpointing exact subsurface fl ow paths from the interpolated soil ECa maps.
Comparisons of the temporal stability of soil moisture and ECa measured on the same date suggest the control of soil moisture on soil ECa. Th e relative diff erence in soil moisture at three representative depth intervals (0-0.2, 0.3-0.5, and 0.7-0.9 m) and the water storage in the top 1.1-m solum linearly increased with increasing relative diff erence in the soil ECa (Fig. 5) , suggesting that locations with higher ECa were associated with higher soil moisture. Th e increase was greater for the 0.3-to 0.5-and 0.7-to 0.9-m depth intervals than the 0-to 0.2-m depth interval. In other words, the slopes of the regression equations for the 0.3-to 0.5-and 0.7-to 0.9-m depth intervals (0.61 and 0.70, respectively) were greater than that for 0-to 0.2-m depth interval (0.28) (Fig. 5a-5c ). Th is was attributed to the surface soil moisture being more aff ected by meteorologic variables (e.g., precipitation, temperature, and wind speed) and also being relatively more uniformly distributed in the landscape compared with the subsurface soil moisture. Th e water storage within the top 1.1-m solum is not only a function of soil moisture but also of soil thickness. Th erefore, the steep slope (1.21) of the fi tted line for the total water storage within the top 1.1-m solum (Fig. 5d) can be partially attributed to the added eff ect of the depth to bedrock on the measured ECa.
Among the three depth intervals shown in Fig. 5 , a comparatively higher r 2 value can be observed between the relative diff erence in soil moisture and that in ECa for the 0.3-to 0.5-m depth interval. In fact, when other depth intervals not shown in Table 3 (e.g., 0.1-0.3 and 0.5-0.7 m) were also considered, the r 2 values of similar linear regressions (0.32 and 0.31, respectively) were also lower than that at the 0.3-to 0.5-m depth interval Table 3 . The r 2 of linear regressions between soil apparent electrical conductivity (ECa) and volumetric soil moisture content (θ) at three depths as well as total soil water storage in the top 1.1-m solum across the entire landscape. Both ECa and θ were determined on the same date for three survey times (10 Mar., 30 Apr., and 4 June 2008). Abbreviations used for different electromagnetic induction (EMI) meters and their settings are explained in Table 1 (0.36). Th is 0.3-to 0.5-m depth interval corresponds with the depth (0.4 m) at which the highest sensitivity of the EM38V was reported (Sudduth et al., 2003) . Th e relative diff erence in the total water storage within the top 1.1-m solum had the highest r 2 value with the relative diff erence in ECa. Th e top 1.1 m of the soil profi le contributes approximately 60% to the fi nal ECa reading in the EM38V, while the other three depth intervals each contribute <20% (McNeill, 1980) . Th erefore, the temporal variation in ECa in these three EM38V surveys (10 Mar., 30 Apr., and 4 June 2008) better refl ected the temporal change in soil water storage in the top 1.1-m solum than that in any specifi c depth interval.
On 10 Mar., 30 Apr., and 4 June 2008 when the ECa and soil moisture were collected simultaneously, the r 2 values between actual ECa values and soil moisture contents at different depths varied from 0.24 to 0.47, but all were statistically signifi cant at the p < 0.05 level (Table 3) . Previous studies, however, have found higher r 2 values between soil moisture and ECa. Th e r 2 values were >0.70 in the studies conducted by Reedy and Scanlon (2003) and Sherlock and McDonnell (2003) . Th ese two studies, however, were conducted on relatively small and homogenous plots (<0.25 ha). Th e lower r 2 values in our study can be attributed to a much larger area (19.5 ha) with more variable soil and hydrologic properties across the landscape. Th us, the eff ect of soil moisture on ECa could have been masked by other variations in soil properties and terrain attributes. In addition, the fertilizer applications on 30 Apr. and 4 June 2008, which elevated the electrical conductivity of the soil solution, could have been another factor that reduced the r 2 value between the actual ECa values and the soil moisture contents.
Simultaneous soil moisture measurements and EMI surveys were conducted only three times in this study (due to weather constraints and other factors). As a consequence, the relationship between temporal variations in the soil ECa and soil water dynamics has not been thoroughly investigated for diff erent soil moisture conditions and drying-wetting cycles. Nevertheless, the diff erence between the sites of relatively wetter (positive δ i ) and drier (negative δ i ) conditions was noticeable (Fig. 5) . For the drier sites, the r 2 value was <0.02 for all depths (Fig. 5a-5c ) and was 0.42 for the overall moisture storage in the top 1.1-m solum (Fig. 5d) . In contrast, the r 2 for the wetter sites was between 0.59 and 0.77 (Fig. 5a-5c) . Th e fi tted curves for the drier sites were nearly fl at (slope = 0.02-0.13) for the three depth intervals, while those for the wetter sites were relatively steep (slope = 0.26-0.57) (Fig. 5a-5c ). Wetter sites were generally distributed in the areas with lower elevations, gentler slopes, and depressional landscape positions (Fig. 6) . Th ese areas also corresponded with a shallower water table and deeper depth to bedrock. Th ese observations suggest that soil ECa is more soil moisture dependent in wetter landscape positions than in drier positions. A similar observation was also found in the study of Brevik et al. (2006) , who reported that positive ECa responses to soil water were stronger on lower landscape positions with higher soil water contents.
Although the infl uence of soil moisture on soil ECa was weak at the drier locations (Fig. 5) , the impacts of terrain attributes and depth to bedrock on ECa at these drier locations were observed. For example, signifi cant correlations (p < 0.05) between ECa and elevation (r 2 = 0.22), profi le curvature (r 2 = 0.24), and depth to bedrock (r 2 = 0.37) were observed at the drier sites in this study. Conversely, such correlations were not signifi cant at the wetter sites. Th is confi rms that terrain and soil properties masked the eff ects of soil moisture on ECa in the 19.5-ha landscape under this study.
SUMMARY AND CONCLUSIONS
Using the same meter and dipole orientation or geometry (e.g., EM38V), repeated EMI surveys within relatively short time periods (e.g., a few months as used in this study) can capture dynamic changes in soil moisture and related subsurface fl ow paths. Soil ECa was strongly infl uenced by soil moisture during wetter periods and at wetter locations. Following >10 mm of rain in the preceding 7 d, the soil ECa distribution across the entire 19.5-ha landscape showed greater sills and shorter spatial correlation lengths, indicating greater spatial variation that was largely due to lateral water redistribution aft er adequate precipitation. Th e temporal stability of soil ECa collected during an approximately 1-yr period was correlated with the simulated subsurface fl ow paths and the temporal stability of measured soil moisture content at diff erent depths. Such relationships were stronger during wetter periods and at wetter locations. During drier periods and at drier locations, terrain attributes and other soil properties masked the eff ect of soil moisture on ECa variations.
